Silver-containing 2205 duplex stainless steel was developed to study its phase transformation, precipitating behavior, as well as corrosion resistance. The result reveals that the doping of silver in 2205 duplex stainless steel decreased the £ 2 phase volume fraction. In addition, the solubility of silver in iron was extremely low, and silver particles were distributed randomly both in the matrix and on the boundaries of the material. Silver particles were observed on the material surface and the number of particles on the surface increased with the silver content.
Introduction
2205 duplex stainless steel possesses both ferrite and austenite phases, resulting in excellent corrosion resistance and high mechanical strength. Because of these advantages, 2205 duplex stainless steel is the preferred material for fabrication of kitchenware and equipments used in chemical industry and hospitals. 14) In order to expand the functionality of 2205 duplex stainless steel, silver can be added to enhance its antibacterial property. Because silver ion possesses a strong ability to inhibit the breeding of bacteria, 5) the use of silver-containing 2205 duplex stainless steel can be extended to the bioengineering field. However, there have been few studies on the antibacterial property of different stainless steels fabricated by various surface treatment methods such as plasma processes. 6, 7) In many cases, the surface of the material is only coated with a thin antibacterial film that can be easily ruptured by brushing and rubbing, thereby compromising the antibacterial function.
Stainless steel has excellent corrosion resistance owing to the presence of a continuous passive film (Cr 2 O 3 ) on the alloy surface. When silver was added to 2205 duplex stainless steel to enhance the antibacterial property, Chiang et al. reported that silver remained in the second phase, thereby resulting in a discontinuous passive film. Therefore, silver doping deteriorated the corrosion resistance of stainless steel. 8) Our previous work also showed the same results. 9) So far, the pitting corrosion behavior of stainless steel under the conditions where silver and the secondary austenitic phase coexist in the alloy is not understood.
In this work, a 2205 duplex stainless steel with silver coexisting with the secondary austenitic phase was selected as the test material with various levels of silver doping. The evaluation of the pitting corrosion resistance of 2205 duplex stainless steel was carried out by a polarization test with a marker placed over the alloy surface.
Experimental Procedures

Samples
2205 duplex stainless steel samples with 0, 0.1 and 0.2 mass% of silver (2205-0 Ag, 2205-0.1 Ag and 2205-0.2 Ag, respectively) were used. They were prepared in a high-frequency induction furnace under an inert nitrogen atmosphere. The alloys were homogenized at 1393 K for 7.2 ks to remove the segregation after casting. The treated alloys were prepared for investigation of the microstructure, pitting corrosion resistance, and pitting corrosion behavior. Subsequently, the experimental specimens were cut to 5-mm thick plates and then polished with a 0.3-µm Al 2 O 3 suspension solution. The chemical composition, shown in Table 1 , was identified by inductively coupled plasma-optical emission spectrometry (ICP-OES). The LB1 reagent solution (0.5 g K 2 S 2 O 4 + 20 g NH 4 HF 2 + 100 mL H 2 O) was used to etch the alloys for 30 s at 343 K for the microstructure observation. A Hitachi S-4800 field emission scanning electron microscope (FE-SEM) with an energy-dispersive X-ray spectroscopy (EDS) system was used to investigate the microstructure.
Polarization test
In order to estimate the corrosion resistance of 2205 duplex stainless steel with different Ag content and secondary austenitic phase precipitation, we performed an electrochemical polarization test. The specimens were cut to pieces with dimensions of 10 mm © 10 mm © 5 mm, polished by wet SiC papers up to grit 2000# and precision-polished with a 0.3-µm Al 2 O 3 suspension solution. A schematic diagram of the polarization testing sample is shown in Fig. 1 . A Biologic Science Instruments SP-150 potentiostat was used for the dynamic polarization test. The tests were carried out in a typical 3-electrode cell equipment with a platinum counter electrode and a saturated calomel electrode (SCE) as the reference electrode at room temperature. The precisionpolished sample was totally inserted in the test solution and its exposed area of working electrode was 100 mm 2 . The scanning rate setting was 1 mV·s ¹1 , and scanning potential range was from the initial potential of ¹1.5 to 1.5 V versus open-circuit potential and stopped at the final current-density of 1.0 © 10 ¹2 A·m ¹2 as well as final potential of 0.9 V. The test solution used was 3.5 mass% NaCl and immersion time in the open circuit was 1 h before test. The resulting data curves were plotted as corrosion potential in V referenced to a SCE (saturated calomel electrode) versus log current density (A·m ¹2 ). Following this, optical microscopy (OM) was used to observe the microstructure. An FE-SEM with electron backscattering and an EDS system was also used to observe the microstructure and identify the chemical composition of the microstructure.
Marker test
The electrochemical polarization testing of specimens with markers was carried out to investigate the pitting corrosion behavior and identify the locations of the corrosion pits. The marker was made by a Vickers hardness tester, as shown in Fig. 2 .
Before the polarization test, OM and FE-SEM with EDS were used for observing and identifying the surface morphology and microstructure of the alloy around the markers. After the polarization test, the morphology of the alloy surface around the markers was observed again by OM and FE-SEM. The locations of corrosion pit formation were thus identified.
Results
Microstructure of experimental alloy
The microstructures of the 2205-0 Ag and 2205-0.2 Ag alloys are shown in Fig. 3 . In all the specimens, the substrate was in the ferrite phase (¤ phase) and the primary austenite phase (£ phase) appeared in white in the images. In addition, a second austenite phase (£ 2 phase) was also observed in the alloys as a small white segment in each image.
The images indicated that the grain size of the £ phase became larger with increasing Ag doping in the alloy. The £ phase was formed in a particular orientation in the 2205-0 Ag alloy. However, the orientation of the £ phase became random in the 2205-0.1 Ag and 2205-0.2 Ag alloys. In addition, the number of £ 2 grains in a cluster became bigger in the 2205 alloys with 0.1 and 0.2 mass% Ag.
The EDS results showed that the Ag particles appeared as a bright spot in the SEM-BEI image and are dispersed on the alloy surface, as shown in Fig. 4 . It was also observed that the Ag particles precipitated at the ¤/£ or ¤/£ 2 interface with various dimensions. In addition, the analyzed results of the volume fraction of ¤, £ and £ 2 phases were 56.3, 37.1 and 6.6%, respectively, in the 2205-0 Ag alloy. On the other hand, the volume fraction of ¤, £ and £ 2 phases in the 2205-0.1 Ag and 2205-0.2 Ag alloys were 59.7, 34.9 and 5.4% and 53.6, 43.8 and 2.6%, respectively. However, the volume fraction of the £ 2 phase decreased from 6.6 to 2.6 vol% even though the proportion of £ 2 phase clusters increased visibly in the 2205-0.2 Ag alloy. The change indicated that the presence of Ag resulted in smaller grain size in the £ 2 phase. 
Results of polarization test and corrosion behavior
The pitting corrosion behaviors of the 2205-0 Ag and 2205-0.2 Ag alloys were investigated by the potentiodynamic polarization technique using 3.5 mass% NaCl solution. As shown in Fig. 5(a) , the corrosion potential (E corr ) obtained were ¹1.015 V, ¹1.024 V and ¹1.027 for the 2205-0 Ag, 2205-0.1 Ag and 2205-0.2 Ag alloys, respectively. The pitting corrosion potential (E pit ) obtained were 0.838 V, 0.818 V and 0.812 for the 2205-0 Ag, 2205-0.1 Ag and 2205-0.2 Ag alloys, respectively. According to the results, the value of E pit decreased with Ag doping, indicating that the pitting corrosion resistance decreased as silver was added to the alloy. Additionally, as shown in Fig. 5(b) , another two peaks of corrosion potential (E SCE ) were observed in the passive zone of the polarization curve of the 2205-0.1 Ag and 2205-0.2 Ag alloys. In all the profiles, the presence of three peaks of E SCE was confirmed within the polarization curve of 2205-0.1 Ag and 2205-0.2 Ag effectively, suggesting that there might be selective corrosion behavior in the alloys as a result of Ag doping. Figure 6 shows the images of the entire surface of the 2205-0 Ag, 2205-0.1 Ag and 2205-0.2 Ag alloys after the polarization test. The surface showed more pits for the 2205-0.1 Ag and 2205-0.2 Ag alloys than for the 2205-0 Ag alloy. They showed obviously different corrosion behavior depending on the silver content. Figure 8 shows the result of the polarization test with the marker test to identify the pitting corrosion behavior. A corrosion pit occurred in the location of £ 2 phase, and then, the partial ¤-ferrite microstructure was removed. It also clearly reflected the selective corrosion priority of different phases in the 2205-0 Ag alloy. Figure 9 shows the 2205-0.2 Ag alloy after the polarization test. The Ag particles were dispersed on the alloy surface. After the first polarization test, once a Ag particle was peeled off, the original location of the particle became a pit. Some Ag particle remained on the alloy, but the gap between the Ag particle and the substrate was increased.
Results of marker test
Following this, the specimen was used for the polarization test continuously and the result is shown in Fig. 9(d) . All Ag particles were removed and holes of various sizes appeared to form surface defects.
Discussion
Effect of Ag doping on microstructure
The microstructure observation and phase quantitative analysis were carried out to examine the effect of adding Ag to 2205 duplex stainless steel. In the test material for both investigations, the microstructure was a combination of ¤-ferrite phase, £-austenite phase, and £ 2 -secondary austenite phase. The microstructure obtained from the 2205 duplex stainless steel sample was a typical microstructure of duplex stainless steel. The microstructure was formed in this manner:
The ¤-ferrite phase began to form at a temperature just below the solidus temperature in the solidification process. In the cooling process, transformation from the ferrite phase to the austenite phase occurred. The austenite phase formed at a relatively high temperature was called the primary austenite phase (£ phase). In addition, the secondary austenite phase (£ 2 phase) was also observed in the specimen. The £ 2 phase was formed from the transformation of ferrite decomposition after the duplex stainless steel microstructure was established, i.e., during isothermal heat treatment. According to the forming location of the £ 2 phase, three types of microstructures were identified. Type I was formed in the interior matrix of the ferrite phase at a temperature below 923 K. It had a chemical composition similar to that of the surrounding ferrite phase. 10) Type II was formed at a temperature between 923 and 1073 K, where the £ 2 phase obeyed the Kurdjumov-Sachs relationship. Its formation thus involved diffusion because it was rich in Ni content when compared to the ferrite matrix. Many Widmanstaetten microstructures were obtained. 11, 12) Type III was precipitated with a · phase forming at a temperature between 973 and 1173 K. 13) The £ 2 phase obtained in this study showed a Widmanstaetten microstructure and the concentration of Ni was also enriched in the phase when compared with the ferrite matrix, as shown in Fig. 10 . Our analysis results identified the £ 2 as Type II phase.
Pitting corrosion behavior
Stainless steel has excellent corrosion resistance depending on the passive Cr 2 O 3 film formed on the alloy surface and the microstructure. However, on adding Ag, it was reported that the continuous passive Cr 2 O 3 film on the surface in AISI 316 stainless steel might be destroyed by the Ag particles, leading to reduced pitting resistance. 8) As the polarization test results showed, the pitting corrosion resistance of the 2205-0.2 Ag alloy was worse than that of the 2205-0 Ag alloy. It was thought that owing to the extremely low solid solubility of Ag in the stainless steel matrix, the Ag particles were dispersed on the alloy surface, resulting in a discontinuous passive film. However, the results showed that the Ag particle location might be a preferred place for corrosion compared with the surrounding. However, on the basis of our observation of the corrosion pits, it was found that the corrosion pits formed in Ag particles' locations were much smaller. Most pits were formed around the £ 2 phase area.
In order to observe the corrosion pit formation in more detail, we did the surface observation for 6 samples that obtained by 6 steps in the IE diagram. The result is shown in Fig. 11 . From step 1 to step 3, no pit was formed on the alloy surface. In step 4, a small pit started to form in the £ 2 austenite phase. From step 5 to step 6, corrosion pits were found and they grew from around 50 to 150 µm in diameter. We also found that almost all the corrosion pits were formed in the £ 2 phase.
Nilsson et al. reported that the £ 2 phase was precipitated in the austenite/ferrite interface and the interior matrix of ferrite grains at a temperature between 973 and 1173 K. The corrosion resistance and mechanical strength of stainless steel decreased as a result. 14) They also reported that during an isothermal heat treatment of 25 mass% Cr4 mass% Mo 7 mass% Ni duplex stainless steel, the £ 2 phase was formed at the austenite/ferrite interface between 1073 and 1173 K. The resulting low concentrations of chromium, molybdenum, and nitrogen could account for the susceptibility of the phase to pitting attack from chloride ions contained in the solution in the other studies. 15, 16) Figure 12 shows the line-scanning analysis result of the chemical composition of the 2205-0.2 Ag alloy. The results of this work also showed that there were lower concentrations of Cr and Mo in the £ 2 phase. The Cr-poor zone was also obtained at the ¤/£ 2 boundary, providing evidence that the £ 2 phase was the nucleation site for pitting corrosion.
Finally, Fig. 13 shows the possible mechanism of pitting corrosion in 2205 duplex stainless steel doped with silver. The corrosion pits nucleated in the locations of secondary austenite £ 2 phase and grew gradually. Additionally, selective corrosion occurred between the ¤-ferrite and £-austenite phases. Finally, the corrosion pits were formed with retained £-austenite grains around the pits that were initiated during selective corrosion.
Conclusion
The microstructures and pitting behavior of 2205 duplex stainless steels doped with various amounts of Ag were studied. The results indicated that the microstructures consisted of a ¤-ferrite, £-austenite, and a secondary austenite (£ 2 ) phase. The volume fraction of the £ 2 -austenite phase decreased from 6.6 to 2.6 vol% when Ag added to the alloys was increased from 0 to 0.2 mass%. The clusters of £ 2 austenite obviously increased. This result indicated that the grain size of £ 2 austenite became smaller with increasing Ag content. The pitting corrosion resistance decreased and was concentrated in the area where the secondary austenite £ 2 phase existed. In all, the polarization curve showed three peaks corresponding to I corr in the 2205-0.2 Ag alloy, indicating the occurrence of selective corrosion. Additionally, the evidence showed that the £ 2 -austenite area was the initiation location of pitting corrosion and could be also the nucleation site for pitting behavior of silver-containing duplex stainless steel. The SE images of corrosion pits formed in the 2205-0.2 Ag alloy by the polarization test. Fig. 13 The pitting corrosion mechanism of 2205 duplex stainless steel with silver particles and the secondary austenite £ 2 phase.
